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We present a new mechanism for thermally produced dark matter, based on a semi-annihilation-
like process, χ+χ+ SM→ χ+ SM, with intriguing consequences for the properties of dark matter.
First, its mass is low, . 1 GeV (but & 5 keV to avoid structure-formation constraints). Second, it
is strongly interacting, leading to kinetic equilibrium between the dark and visible sectors, avoiding
the structure-formation problems of χ + χ + χ → χ + χ models. Third, in the 3 → 2 process, one
dark matter particle is consumed, giving the standard-model particle a monoenergetic recoil. We
show that this new scenario is presently allowed, which is surprising (perhaps a “minor miracle”).
However, it can be systematically tested by novel analyses in present and near-term experiments.
In particular, the Co-SIMP model for thermal-relic dark matter can explain the XENON1T excess.
Introduction.— For dark matter (DM) models, ther-
mal production mechanisms are highly predictive frame-
works [1–3]. Charting possible realizations is important,
as it leads to insights that guide experimental efforts to
fully test particle dark matter. A thermal production
process, if confirmed experimentally, would provide a new
probe of the physical conditions of the early universe.
The best studied thermal candidate is the WIMP
(weakly interacting massive particle) [4–8]. In the sim-
plest case, the annihilation cross section to all final
states is determined from the relic abundance as 〈σv〉 =
(2.2×10−26 cm3 s−1)(0.12/ΩDMh2) [9]. The “WIMP win-
dow” is defined by the smallest mass allowed by annihila-
tion constraints (20 GeV if neutrinos are neglected [10];
10 MeV if they are dominant [11]) and the largest mass
allowed by unitarity (150 TeV [12, 13]).
It is important to consider other possibilities [14–25].
Recent work [18, 25] has made the simple but ingenious
point that the process χ + χ + χ → χ + χ is efficient
in the early universe if the interactions are strong, set-
ting the relic abundance while involving only dark-matter
processes, hence the name strongly interacting massive
particle (SIMP). The observed DM abundance requires
〈σ32v2rel〉M2DM ≈ 108 GeV−3 [18, 26]. Assuming a scaling
behavior of 〈σ32v2rel〉 ≡ α3eff/M5DM implies an MeV-scale
dark matter mass [18]. A dark matter sector that con-
verts DM rest mass into kinetic energy that is kinetically
decoupled from the standard model (SM) will heat itself
up [27]. The DM free-streaming length would then be too
long, as the DM particles would be too fast. To dissipate
the heat into the SM sector and to slow down the DM par-
ticles, an elastic SM-SIMP interaction, χ+SM→ χ+SM,
has to be postulated [18]. However, in the mass range
relevant for the SIMPs, it is hard to do that without
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FIG. 1. The Co-SIMP freezeout process, which also keeps
DM in kinetic equilibrium with the SM. This process gives
novel monoenergetic-recoil signals in detectors.
inducing new χ + χ → χ + χ interactions [25, 28] that
conflict with cluster observations [29–32] (though there
may be ways out [33–37]).
We take a different approach and suppose that the DM
decouples through χ+χ+SM→ χ+SM. Figure 1 shows
this number-changing interaction for the DM, which also
keeps it in kinetic equilibrium with the SM plasma, avoid-
ing overheating the DM. As detailed below, what we call
the Co-SIMP mechanism leads to a dark-matter candi-
date with vastly different properties and phenomenology
from other thermal relics. Despite the Co-SIMP’s low
mass and strong interactions, it seems to have evaded
all present constraints. However, testing Co-SIMPs is
within reach.
In the following, we define the Co-SIMP model, cal-
culate the corresponding freezeout process and its conse-
quences, then predict present-day signals based on Fig. 1,
as well as signals expected from loop-induced elastic in-
teractions, and conclude.
Co-SIMP Interactions.— Given the Co-SIMP in-
teraction in Fig. 1, the dark sector must have a Z3 sym-
metry (this could be generalized to ZN with N > 3) to
ensure DM stability, similarly to Ref. [15]. To prevent
a WIMP-like freezeout (χ + χ → χ + SM + SM), we
require MDM 6 2MSM. Direct couplings to photons or
neutrinos are prohibited to avoid 2 → 3 processes such
as χ + χ → χ + γ + γ. The final state of the freezeout
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2process is, for MDM  MSM, a semi-relativistic χ and a
non-relativisitic SM particle. For the lower mass bound,
we take MDM > 5 keV to avoid structure-formation con-
straints [38, 39]. More specific constraints are discussed
below.
The Co-SIMP upper mass bound varies depending on
the DM interaction operator. For a leptophilic model,
coupled via O` = ¯`α`βχ3/Λ2, we require MDM . MeV.
For a nucleophilic model coupled via On = n¯nχ3/Λ2,
Op = p¯pχ3/Λ2, or Opi = pi2χ3/Λ, we require MDM .
GeV. We focus on the leptophilic and nucleophilic sce-
narios. (A more exotic possibility arises if coupling to
weak gauge bosons via OW = FWµνFW µνχ3/Λ3, or top-
quarks only, is allowed, in which case the DM mass can
be as large as ∼ 100 GeV. In the case of coupling to W
bosons, a particular construction of the UV-completion
is required in order to avoid direct photon couplings.)
Our focus is on defining a new framework for thermal
DM; see the Supplemental Material for further explo-
ration of the details, including possible UV completions,
which are crucial for investigating Co-SIMP interactions
at colliders and other high energy environments.
Co-SIMP Freezeout.— The Boltzmann equation
for freezeout via χ+ χ+ SM→ χ+ SM is
sH(T )z Y ′DM = −γ32
(
n2DM
n2DM,eq
− nDM
nDM,eq
)
= −〈σ32v2rel〉
(
n2DM − nDMnDM,eq
)
nSM,eq . (1)
The space-time interaction density is approximated as
γ32 ≈ 〈σ32v2rel〉n2DM,eq nSM,eq in the non-relativistic
regime. The Hubble rate is H(T ) and s the entropy den-
sity. Defining z = MDM/T and Y
′
DM = dYDM/dz, we
get
Y ′DM = −
λ32
z5
(
Y 2DM − YDM YDM,eq
)
. (2)
The dimensionless quantities are
λ32 = (Y
sym.
SM + η)×
〈σ32v2rel〉 s2
H(T )
∣∣∣∣
MDM
, (3)
with YDM = nDM/s, Y
sym.
SM = n
sym.
SM /s being the symmet-
ric SM particle abundance, and η the baryon-to-photon
ratio. Application of the boundary-layer method [26, 40]
yields the asymptotic relic abundance
YDM(∞) ≈ −
(∫ ∞
zf.o.
λ32
z5
dz
)−1
. (4)
The freezeout temperature is defined by zf.o. ≈ log λ32−
5/2 log zf.o. − 1.65, which gives zf.o. ≈ 10. Note the de-
pendence of the interaction factor on v2rel., which results
from an incoming flux of two particles on target. At lead-
ing order, in exothermic processes σ32v
2
rel. ∼ const. [17].
The relic density is ΩDM ≈ YDM(∞)MDMs0/ρcrit.. For
the typical case, MDM  MSM, the cross section of the
number-changing interaction is
〈σ32v2rel〉f.o. ≈ 1012
(
10−9
η
)(
MeV
MDM
)3(
0.12
ΩDMh2
)
GeV−5 .
(5)
For the edge case, MDM ≈ MSM, the decoupling of Co-
SIMP interactions takes place at higher temperatures,
such that the Co-SIMP freezeout happens dominantly
through interactions with the symmetric component of
the SM particle bath, leading to
〈σ32v2rel〉f.o. ≈ 5× 103
(
10 MeV
MDM
)3(
0.12
ΩDMh2
)
GeV−5 .
(6)
These are the central predictions of the new Co-SIMP
thermal production mechanism. The loop-induced pro-
cess χχ → χ + 2γ is subdominant during the freezeout
process throughout the Co-SIMP parameter space. Late-
universe annihilations that produce gamma rays are dis-
cussed in the Supplemental Material.
Considerations related to light-element dissociation
during Big-Bang Nucleosynthesis (BBN) [41–43] do not
constrain Co-SIMPs, because the energy released into SM
particles is much smaller than for WIMP freezeout.
However, in the leptophilic case, because the Co-SIMP
can have MDM  me, the number of relativistic degrees
of freedom Neff is affected, in fact being reduced from
the standard value. We discuss this in detail in the Sup-
plemental Material, considering both BBN and Cosmic
Microwave Background (CMB) observations. Because of
this negative contribution, if experiments find a Co-SIMP
mass well below the electron mass, it would be an indi-
cation of a complex early history. For example, a cancel-
lation with a positive contribution to ∆Neff could take
place to explain the current data, which are consistent
with ∆Neff ≈ 0 [44].
In the nucleophilic case, the Co-SIMP masses are above
the MeV scale, so that BBN observables and ∆Neff are
not affected.
Testing the Co-SIMP Process.— Strikingly, the
Co-SIMP freezeout process (χ+χ+ SM→ χ+ SM) hap-
pens directly in detectors with a significant rate, unlike
for WIMPs (χ + χ → SM + SM) [45]. This is possible
because of the strong DM interactions, the high DM den-
sity due to the low DM mass, and the high SM density
of ordinary materials.
The 3 → 2 process produces energetic SM particles
in a detector, like WIMP direct detection, but with im-
portant differences. First, the kinetic energy of the SM
particle, provided by the consumption of one DM parti-
cle, is monoenergetic. This follows directly from the fact
that in the CM frame, the outgoing particles have equal
3momenta. The SM recoil energy is
ER ≈ 3M
2
DM (MDM + 2MSM) (3MDM + 2MSM)
8MSM (2MDM +MSM)
2 , (7)
which reduces to ER ≈ 3/2M2DM/MSM for the typical
case, MDM MSM, and to ER ≈ 5/8MDM for the edge
case, MDM ≈ 2MSM. The kinetic energy of the incoming
DM particle is negligible in this reaction. Second, though
the kinetic energy of the SM particle will be at most
barely relativistic, it can be well above the energy pro-
duced by a recoiling WIMP of comparable mass. For the
WIMP case, the recoil energy is ER ≈ 2v2µ2/MSM, with
µ being the reduced mass [46], which is a factor v2 ∼ 10−6
smaller than for the Co-SIMP case. Those two points
make for a signal that could stand out from backgrounds.
(Other scenarios with large energy deposits involve DM
de-excitation [47–51].) Third, even if elastic scatterings
in the detector overburden slow the Co-SIMPs down, the
expected signal spectrum shape is unaltered because it
depends on the loss of DM rest mass, not kinetic energy.
The event rate per detector volume is
γ32 =
R
V
≈ 〈σ32v2rel〉n2DMnSM (8)
≈ 0.8
m3 day
(
nSM
NA cm−3
)(
0.1 MeV
MDM
)2( 〈σ32v2rel〉
1016 GeV−5
)
,
where nSM and nDM are the SM and DM number den-
sities, NA is the Avogadro number, and we use the ob-
served DM mass density.
Figure 2 shows the monoenergetic spectrum in
XENON1T caused by the leptophilic Co-SIMP process.
We include energy resolution, which is 3.5% in this en-
ergy range [52]. Superposed are their measured electron
recoil data. This shows that a bump hunt could be highly
efficient for testing the Co-SIMP scenario.
Figure 3 shows the Co-SIMP parameter space, in-
cluding current constraints. For the Borexino experi-
ment [53], we convolve the predicted signal with the en-
ergy resolution and compare it to the measured data in
Ref. [54]. The uncertainty scale is set by the square
root of the number of measured events in a bin of
width somewhat larger than the energy resolution. This
is appropriate because the backgrounds are well mod-
eled. For XENON1T, we have an analogous procedure.
We use data from their double electron capture (DEC)
search [52] and their S2-only light DM search [55]. At
intermediate energies, we use data from their electron re-
coil study [56], conservatively requiring that the signal be
less than the measured events in a bin because the back-
ground analysis is still preliminary. (In the Supplemental
Material, we repeat the analysis taking into account the
xenon orbital effects, this weakens the bounds somewhat
for the low Co-SIMP masses.)
Figure 3 also shows the projected sensitivity for 1 ton-
yr of XENON1T, assuming a dedicated line search, with
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FIG. 2. Monoenergetic electron recoil spectrum caused by the
Co-SIMP process for MDM = 250 keV (hence ER ≈ 101 keV),
including energy resolution, compared to XENON1T data.
For better visibility, 〈σ32v2rel.〉 is chosen so that the signal is
ten times greater than needed for a 90% CL exclusion (1.28σ).
well-modeled backgrounds, in their entire electron recoil
energy range. Similarly, we show the sensitivity of the
proposed DARWIN experiment in 200 ton-yr [57]. Other
relevant experiments to search for the Co-SIMP process
are KamLAND [58] and JUNO [59].
Figure 4 shows the parameter space for the nucleophilic
scenario. It is challenging to test the nucleophilic Co-
SIMP process directly in large volume detectors due to
lower event rates at larger DM masses. However, loop-
induced elastic interactions, discussed below, are efficient
for testing nucleophilic interactions.
Elastic Interactions.— Figure 5 shows that an elas-
tic Co-SIMP scattering process is induced at the two-loop
level: SM + χ → SM + χ. Given, for example, the elec-
trophilic O` interaction operator, the induced coupling
coefficient cde of the interaction χχe¯e can be computed.
After performing the top loop integral, one obtains the
following expression (with x =
√
1− 4M2DM/k2), which
is regularized with a cut-off at the scale Λ and analyt-
ically approximated, with MSM being the mass of the
propagating electron:
cde =
MSM
(4pi)2 Λ4
∫
d4k
(2pi)4
log
(
x+ 1
x− 1
)(
x
k2 −M2SM
)
≈ MSM
(4pi)4 Λ2
(
1− M
2
DM
Λ2
)
log
(
Λ2 +M2SM
4M2DM
)
. (9)
To make connection to the freezeout process, we com-
pute the 3→ 2 cross section, given the electron Co-SIMP
coupling operator O`, following Ref. [17], and obtain
〈σ32v2rel.〉 ≈
√
3/(4piMDMΛ
4). We can now express the
loop coefficient as a function of the 3 → 2 cross section,
which yields (cde GeV) ≈ 5× 10−9
√
MDM〈σ32v2rel.〉GeV4.
This leads to DM-electron scattering cross sections of
σel.SI ≈ 10−37 cm2 at MDM ∼ 100 keV and σel.SI ≈
10−40 cm2 at MDM ∼ MeV. Those cross section values
are currently unconstrained by direct detection experi-
ments, but are within the reach of future experimental
efforts [60–62].
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FIG. 3. Current bounds and projected sensitivities for elec-
trophilic Co-SIMPs. The parameter space is largely open,
despite the low DM mass and strong couplings. The relic
density at MDM  me is affected by the baryon asymmetry,
leading to a change of the slope. We show bounds based on the
Co-SIMP process in detectors (colored regions), along with
projected sensitivities (dashed lines). A low-threshold detec-
tor based on superconducting aluminum could test nearly all
the parameter space (white dashed line). In the pink region,
the relic density is too high; at its boundary, it is correct.
Figure 3 shows the expected sensitivity of a low thresh-
old detector to the electrophilic scenario. An efficient
technology seems to be detectors based on superconduct-
ing materials, for example, aluminum [63, 64] (here with
1 kg-yr). Two other technologies for direct detection ex-
periments with a low energy threshold [61, 62] are dis-
cussed in the Supplemental Material.
Figure 4 shows current constraints on the nucleophilic
Co-SIMP scenario from a gram-scale cryogenic calorime-
ter experiment [65]. In addition, we find that a detector
based on superfluid helium [66–68], could test a signif-
icant fraction of the open parameter space, (here with
1 kg-yr and a threshold of ∼ meV). For an EFT ap-
proach to superfluid helium DM sensitivity see Refs [69–
71]. Other techniques, based on polar materials [72, 73]
could provide comparable sensitivity to nucleophilic Co-
SIMPs; see Ref. [74] for an overview of possible targets.
The loop-induced elastic cross section is computed anal-
ogously to the leptophilic case, but where the larger mass
increases the numerator.
Other Possible Searches.— In the Supplemental
Material, we discuss a variety of other constraints on
Co-SIMPs, none of which are yet as strong and secure
as those above. The Co-SIMP process and loop-induced
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FIG. 4. Current bounds and projected sensitivities for nu-
cleophilic Co-SIMPs. The change in the relic abundance
slope is now related to the proton mass. Limits from the
XENON1T experiment constrain the Co-SIMP process di-
rectly (dark green region). A detector based on superfluid
helium could test a large fraction of the currently viable pa-
rameter space (blue dashed line).
processes can produce x-rays, but we find that the current
sensitivities of x-ray satellites [75, 76] are insufficient to
be competitive with direct-detection searches. However,
future missions, such as Athena [77], will test relevant
parameter space. A variant of the Co-SIMP process,
e+ + e− → χ + χ + χ, could cool supernovae and pre-
supernova stars [78, 79], but its effectiveness is limited
by an accompanying opacity due to χ + e → χ + χ + e.
We estimate the Co-SIMP self-scattering elastic cross sec-
tion induced at two loops, but we find that it is low in
the majority of the parameter space and consistent with
observations [29–32]. (However, in the nucleophilic sce-
nario, it seems to provide the strongest bound on Co-
SIMPs with low masses. ) Finally, spectroscopy of SM
bound states [80] could test the Co-SIMP. Particularly,
true muonium [81, 82], with a very compact wave func-
tion, would be ideal to test the leptophilic scenario [83],
χ
SM
χ
 SM
SM
χ
FIG. 5. Elastic dark matter scattering process with SM par-
ticles, induced at two-loop level.
5once experimental observations can be performed.
Elsewhere in this Letter, we focus on the most model-
independent tests of the Co-SIMP model, i.e., those most
closely connected to the Co-SIMP production mechanism
and at comparable or lower
√
s to freezeout. In fu-
ture work, it would be interesting to explore constraints
from higher-energy interactions, though this would re-
quire first specifying the UV completion of our frame-
work.
A key question is if or how Co-SIMPs are constrained
by collider missing-energy searches, which are gener-
ally quite powerful [84–86]. Those searches will be in-
effective if the produced Co-SIMPs interact with cross
sections larger than σ ∼ 10−30 cm2 and do not lead
to a missing energy signature [87]. Thus, we estimate
the semi-elastic scattering cross section σχ+e→χ+χ+e ≈
MDM
√
s/(256pi3Λ4) ≈ √sM2DM〈σ32v2rel.〉/(64pi2
√
3),
where we used the previously derived relation between
the effective operator scale and the interaction cross sec-
tion. For MDM  me this leads to σχ+e→χ+χ+e ≈
5 × 10−26√Eχ/(100 GeV) cm2 and for MDM ≈ me to
σχ+e→χ+χ+e ≈ 10−28
√
Eχ/(100 GeV) cm
2. For the nu-
cleophilic case, the cross sections are about an order
of magnitude larger since
√
s is bigger. Thus, even if
Co-SIMPs are copiously produced, as expected, existing
bounds do not apply, and new analyses would be needed.
A related question concerns cosmic-ray interactions
with DM, as in Refs. [88–92], where large cross sections
for light dark matter were ruled out, at least under the as-
sumption of energy-independent elastic interactions (see
Ref. [92] for a model with energy dependence). Con-
straints for Co-SIMPs will depend on the UV completion,
and are reserved for future work.
Conclusions.— It is of high importance to point out
thermal production mechanisms of DM, since they lead
to highly predictive models and could provide additional
information about the conditions of the early universe.
We present a new possibility to thermally produce DM.
The new ingredient is that the production mechanism
predicts the cross section for a process that consumes
one DM particle and converts its rest mass into kinetic
energy of the catalyzing SM particle.
This mechanism leads to novel signatures, such as
through the Co-SIMP freezeout process occurring in de-
tectors, including large ones for neutrinos. At loop level,
an elastic scattering process is induced that can be tested
in conventional dark matter detectors. Large fractions
of the parameter space remain still untested but seem
within reach of future dark matter searches, especially
through expected sensitivity improvements in the com-
ing years.
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6Supplemental Material
Here we discuss in more detail the effects of light Co-
SIMPs on Neff , the compatibility of the Co-SIMP sce-
nario with the recently observed XENON1T electron-
recoil excess, and other potential searches for Co-SIMPs.
None of the latter are yet sensitive enough to test ther-
mally produced Co-SIMPs. However, some of these are
likely to become relevant in the near future, due to up-
coming or proposed experiments. We end this section
with notes on possible UV completions for the Co-SIMP
production process.
Co-SIMPs and ∆Neff
The Co-SIMP contribution to the effective number of
degrees of freedom in the early universe can be found
using conservation of the co-moving entropy,
sν(Tdec)
sγ(Tdec)
=
sν(T )
sγ(T )
, (10)
where Tdec ∼ 2 MeV is the temperature of neutrino de-
coupling. As the Co-SIMPs are ceasing to be relativis-
tic near these energy scales, the effects of their nonzero
masses must be taken into account. The number of rela-
tivistic degrees of freedom is defined by
ρtot(T )
ργ(T )
= 1 +
7
8
(
4
11
)4/3
Neff(T ) . (11)
Solving these two equations gives Neff(T ).
Figure 6 shows Neff in the Co-SIMP scenario (with
no other new particles) as function of mass, at the tem-
peratures of the BBN and CMB epochs. Surprisingly,
the Co-SIMP contribution amounts to a ∆Neff ≈ −1 in
the CMB epoch. This is an interesting counterpoint to
many new-physics models that have positive ∆Neff , e.g.,
Refs. [93–96]. The Co-SIMP mechanism is different from
a low-scale reheating scenario, where neutrinos are not
fully thermalized [97–99]. Instead, here additional heat-
ing of the photon bath leads to a lower Neff . Without
additional degrees of freedom, the Co-SIMP mass would
have to be above several MeV.
However, with minimal extensions, lower masses are
allowed. Figure 7 shows Neff in the Co-SIMP scenario
with one additional sterile neutrino that is in equilib-
rium early [100]. Then Neff is compatible with observa-
tions in the BBN and CMB epochs if the Co-SIMP mass
is larger than about 0.4 MeV. Alternately, Fig. 8 is for
the case where the sterile neutrino comes into equilib-
rium after neutrino decoupling [101]. Then the Co-SIMP
mass bound is relaxed to about 0.2 MeV. A Co-SIMP
mass below 0.2 MeV is only compatible with the BBN
predictions if the Tν in Eqn. (10) is lowered with respect
to its standard model value. This can occur if a dark
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FIG. 6. Total Neff in the leptophilic Co-SIMP scenario as
a function of Co-SIMP mass, with one curve for the BBN
epoch and the other for the CMB epoch. The red and blue
bands indicate the 95% confidence intervals from BBN [103]
and CMB [104] observations.
���� ���� ���� ���� � � ��
�
�
�
�
�
��� [���]
� ��
�
��% ���
��% ���
���� @���� + ν�
���� @���� + ν�
FIG. 7. Same as Fig. 6, but where there is one sterile neutrino
that equilibrates early [100].
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FIG. 8. Same as Fig. 6, but where there is one sterile neutrino
that equilibrates late [101].
sector equilibrates with the neutrino bath, as discussed
in Ref. [102]. We thus argue that laboratory tests of the
Co-SIMP mechanism and the determination of its mass
can provide new insights into the physics of light degrees
of freedom in the early universe.
7XENON1T Excess
Very recently, the XENON1T collaboration reported a
3.2-σ excess of low-energy events in their electron-recoil
spectrum [105]. The excess could be generated by an
unaccounted-for tritium contamination, as the collabora-
tion has argued, and that hypothesis may be testable in
the near future [106]. On the other hand, many beyond-
standard model scenarios have been proposed after the
observation of the excess [107–132].
Here we show that the leptophilic Co-SIMP signals
we predicted in the main text, before announcement of
the XENON1T results, can explain the observations well.
Figure 9 shows the resulting recoil spectrum. From an
approximate fit, we obtain mχ ≈ 45 keV and 〈σ32v2rel.〉 ≈
5 × 1016 GeV−5. Importantly, this is on the line pre-
dicted by the relic abundance computation even though
that constraint was not applied in the fit. Here, instead
of treating the signal as intrinsically monoenergetic but
subject to detector energy resolution, we also take into
account the momenta of the electrons on the orbitals of
the xenon atom, which smears the signal somewhat from
a line at ∼ 5 keV (this is well below 45 keV because of
the non-linear relation between the Co-SIMP mass and
the recoil energy, given by the kinematics in Eg. 7). For
small masses, taking into account the atomic orbitals also
slightly changes the excluded regions shown in Fig. 3, so
that these parameters are now allowed (see Fig. 11).
The shape of the signal varies with the target due to
how bound the atomic electrons are. Thus for argon,
which has a lower atomic number, our predicted spec-
trum would be more peaked around 5 keV. In the Dark-
Side experiment, which uses argon, there is a low-energy
excess of electron recoils observed [133], though it is ac-
companied by an excess of nuclear recoils [134]. We re-
serve further consideration for future work.
Gamma-Ray Production by Co-SIMPs
The leptophilic process χ + χ + e → χ + e in Fig. 1
produces recoil electrons that can produce gamma rays
in several ways. The energetic electrons can emit
bremsstrahlung, either as final-state radiation (inter-
nal bremsstrahlung), or subsequently when scattering
off atomic nuclei in the surrounding medium (external
bremsstrahlung). We focus on another process, which
leads to a more specific signature. The monoenergetic
electron recoils can eject electrons from atomic orbitals,
which then will be populated by cascade reactions. In the
atomic de-excitation processes, monochromatic photons
will be emitted. Hence those processes lead to a sharp
edge in the photon spectrum, which is model specific, as
it encodes the Co-SIMP mass.
Assuming that a substantial fraction of electrons is
bound in low-lying orbitals, the Co-SIMP ejection pro-
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FIG. 9. Excess of electron-recoil events observed by the
XENON1T experiment. The red line shows the expected
background, while the blue line shows the background plus
a Co-SIMP signal. The fitted mass and rate factor are found
to be on the relic-density line.
cess will often lead to cascade reactions with monochro-
matic photons. We thus estimate the resulting photon
flux at Earth to be
dφ
dEν
=
1
8pi
〈σ32v2rel〉
M2DMMSM
J32
dN
dEν
, (12)
where J32 =
∫
∆Ω
dΩ′
∫
l.o.s.
d` ρ2DMρSM .
In contrast to the usual case, here the ρSM factor makes
the signal vary substantially depending on the astrophys-
ical environment. The resulting J-factor for a typical
dwarf galaxy is ∼ 1018 GeV3cm−8, which results in a
flux below ∼ 10−15 cm−2 s−1, too small to be detected.
An intriguing opportunity arises in the case of the
galactic center (GC), where the peaked DM and SM
matter densities, in particular around the compact
SgA* object [135], lead to an enhanced J-factor ∼
1026 GeV3cm−8. Low DM masses are favored due to the
high number density. The resulting signal is an x-ray flux
∼ 10−6 cm−2 s−1 at keV energies. The analysis of ∼ 3 ks
of Chandra x-ray data [75], at short exposure, does not
constrain the thermally predicted cross sections. How-
ever, planned x-ray missions, such as Athena [77], with
improved energy resolution and effective area, can test
relevant parameter space.
There is also a loop-induced semi-annihilation process,
which leads to larger photon fluxes, but is less specific.
The lepton line of the O` operator can be closed into
a loop, which leads to processes of the type χ + χ →
χ+nγ. The radiation of one photon is forbidden by spin-
statistics, so that the leading process is χ+ χ→ χ+ 2γ.
In the limit MDM MSM, the cross section is
Eγ
dσχγγ
dEγ
=
α2EMM
2
SMx
2
γ
(
3
4 − xγ
)
16pi5Λ4 (1− xγ) , (13)
8where xγ = Eγ/MDM and 0 < xγ < 3/4 is the kine-
matically accessible range. Again, using the 3→ 2 cross
section, given the electron Co-SIMP coupling operator
O`, the values of the 〈σ32v2rel.〉 cross section can be now
directly translated into an expected photon flux from the
GC, which is of the order of ∼ 10−3 cm−2 s−1 deg−2 for
a mass of ∼ 100 keV.
The flux bounds of Ref. [76] from NuSTAR observation
of the GC are not competitive with the direct detection
limits. However, the planned Athena experiment, under
the assumption of ∼ 300 ks observation time, can explore
relevant parameter space. It appears that this signal with
a broader spectrum can be effective in constraining the
model parameters. In the case of a signal discovery, how-
ever, a sharp edge in the spectrum as predicted by the
Co-SIMP freezeout process would be needed to provide
relevant model information.
Co-SIMP Stellar Cooling
In the hot, dense cores of stars and supernovae, the
process e+ + e− → χ + χ + χ could occur, which would
provide a new cooling channel. Because this process re-
quires the presence of positrons, the plasma temperature
needs to be of order me. The relevant systems, therefore,
are supernovae and pre-supernova stars. Note that the
situation is different from the models with a light scalar
mediator, such as discussed in Refs. [64, 136], where a
light scalar can mix with the induced longitudinal mode
of the photon in the stellar plasma. Since in the Co-
SIMP effective theory this is not possible, the above con-
straints do not apply. However, plasma mixing might
become relevant in UV completions with scalars coupled
via a Yukawa interaction to electrons.
The cooling is mitigated by the opacity of the stellar
material to the escaping χ, which is determined by χ +
e→ χ+ χ+ e. This process has a threshold and is only
possible if
√
s > MDM. To investigate the production
efficiency and the escape probability of Co-SIMPs, we
have to evaluate those cross sections given the supernova
environment parameters.
We model the forming supernova in a very simplistic
way, (for a more detailed model, see Ref. [78]). The inner
part of the protoneutron-star (PNS) is assumed to be a
sphere of Rpns ≈ 5 km radius, a temperature of Tpns ≈
50 MeV, and a density of ρpns ≈ 1014 g/cm3. The outer
region is assumed to have a depth of Rout ≈ 100 km, a
temperature of Tpns ≈ 0.1 MeV, and a density of ρout. ≈
109 g/cm3.
The semi-elastic scattering cross section, at collision
energies above the electron mass, is σχ+e→χ+χ+e ≈
MDM
√
s/(256pi3Λ4) ≈ 10−28 (T/MDM) cm2. Given
the PNS temperature, this results in σχ+e→χ+χ+e ≈
10−28(0.1 MeV/MDM) cm2, leading to a mean free path
in the outer region of λ−1out. ≈ 〈σe+χvrel〉ρout./mp <
2 (MDM/(0.1 MeV)) m. Therefore, any produced Co-
SIMP is trapped inside the forming supernova and the
bound of Ref. [79] does not apply.
In a pre-supernova star, the temperature rises gradu-
ally towards me. In the edge case (MDM ∼ me), Co-
SIMPs might be produced at the threshold of the semi-
elastic scattering reaction, such that some of them escape
the star. In this case, even their velocity distribution will
affect their mean free path. A detailed study of this ef-
fect, however, is beyond our scope.
Co-SIMP Self-Scattering
We investigated whether Co-SIMP processes can af-
fect galactic structure by energy transport or injection.
Even though the fundamental interaction cross section is
strong, the probability of a Milky Way particle interact-
ing is negligible, due to the low ρSM of the interstellar
medium. However, there is another possibility.
Figure 10 shows the induced topology for Co-SIMP
elastic self scattering: χ+ χ→ χ+ χ. The computation
of the self scattering cross section leads to σself ≈
10−37(MeV/MDM)2
[〈σ32v2rel.〉/(1014 GeV−5)] cm2
in the leptophilic scenario and σself ≈
10−27(MeV/MDM)2
[〈σ32v2rel.〉/(1014 GeV−5)] cm2
in the nucleophilic scenario. This difference can be
understood from the point of view of the effective
interactions. The loop-induced operator for the self-
scattering process violates the Z3 symmetry of the dark
sector. This violation is connected to the mass of the
SM particle and vanishes in the chiral limit. Since the
nucleon masses are significantly larger than the electron
mass, the self-scattering loop is larger.
The limit inferred from the Bullet Cluster observations
is σself/MDM < cm
2 g−1 ≈ 10−27cm2 MeV−1 [32]. In
the leptophilic scenario, it becomes only relevant for DM
masses around ∼ 10 keV, which are already excluded by
direct detection. In the nucleophilic scenario, however,
it becomes relevant at MeV masses, thus providing the
strongest constraints on the low mass end of the nucle-
ophilic Co-SIMP scenario.
Note that Co-SIMP interactions depositing energy in
compact objects cannot test this scenario. In the mass
range we consider, the Co-SIMPs would evaporate from
bound orbits inside the Sun or the Earth, and the bounds
from Ref. [137] do not apply.
Low Threshold Detector Sensitivities
The Co-SIMP process can be tested directly in neu-
trino detectors, however, at masses above the MeV scale,
the even rates quickly drop and detection becomes chal-
lenging. At the same time, elastic interactions with SM
particles are induced at the two-loop level, and given
9χ
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χ
χ
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FIG. 10. Elastic dark matter self-scattering process induced
by two-loop topology.
the large Co-SIMP number densities, event rates are ex-
pected to be considerable. We demonstrate that the
development of a detector with a low energy threshold
will probe relevant Co-SIMP parameter space, even with
small exposures.
Figure 11 shows the estimated sensitivities from a de-
tector based on a Dirac material (with 1 kg-yr), a su-
perconducting aluminum detector (with 1 kg-yr), and a
low-threshold germanium detector (with 100 kg-yr). Any
of the new technologies for low threshold detectors can
test large fractions of the thermal parameter space. It
seems promising that the combination of the different
detection techniques could test this scenario entirely.
Note that in all cases, only the neutrino background
has been considered [62, 63, 67]. However, since the event
rates at the low DM masses are so high, even greater
realism should lead to a powerful sensitivity reach.
Co-SIMPs and SM Bound States
In a setup where the Co-SIMPs couple to right handed
leptons only, the interaction will be spin sensitive, sim-
ilarly to as in Ref. [83]. The two-loop topology shown
in Fig. 10 induces a four-lepton interaction that affects
the hyperfine splitting of leptonic bound states. A de-
termining factor for the sensitivity of a system to this
short-range force is the compactness of the wave func-
tion at the origin, which scales as the inverse Bohr radius
cubed, ∼ (αEMm`)3. We estimate the energy shift to be
∆E`
+`−
hfs. ≈ −
α3EMm
3
`
211pi5 Λ2
log
(
Λ2 +M2DM
4M2DM
)
. (14)
For positronium, the energy difference between the
spin-singlet and triplet configurations is ∆Ee
+e−
hfs. ≈
−43 (GeV/Λ)2 Hz. This is only an order ∼ 10−10 correc-
tion, well below the experimental sensitivity [80]. How-
ever, assuming universal leptonic coupling strength, the
effect is much stronger for a muon-anti-muon bound
state, which has a much more compact wave-function,
so ∆Eµ
+µ−
hfs. ≈ −380 (GeV/Λ)2 MHz. A measurement of
the hyperfine splitting in true muonium with ∼ 10 % pre-
cision would probe thermally produced Co-SIMPs with
masses below ∼ 30 keV. With a ∼ 1 % precision, masses
below ∼ 0.3 MeV would be tested, covering most of the
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FIG. 11. Current bounds (gray shaded) and projected sen-
sitivities to electrophilic Co-SIMPs. We show the esti-
mated sensitivities from a detector based on a Dirac ma-
terial (black dashed line), a superconducting aluminum de-
tector (white dashed line), and germanium crystal with low-
energy signal amplification (magenta dashed line). Compared
to Fig. 3, here we take into account the electron-binding ef-
fects for xenon, which slightly weaken the limits for low Co-
SIMP masses, allowing the Co-SIMP model to explain the
XENON1T excess for parameters marked with the star.
relevant parameter space. Direct probes of this exotic
atom are conceivable in the near future, see for example
Ref. [82].
Possible UV Completions
We briefly sketch two ideas for renormalizable Co-
SIMP models.
In the leptophilic scenario, two new ingredients are
needed. First, a vector-like fermion that couples through
a Yukawa interaction to the Higgs field and the lepton
doublet. Second, a scalar field that has a Yukawa inter-
action with the new fermion and the right-handed SM
lepton field, and which couples via a quartic interaction
to the Co-SIMP, respecting the Z3 symmetry. After elec-
troweak symmetry is broken and the new fermion and
scalar are integrated out, the resulting low energy op-
erator is O`, which we have used for the relic density
calculations.
In the nucleophilic case, a new sector with strong
dynamics can induce a Wess-Zumino type interaction
among five dark-sector pions, similarly to [25, 26, 28].
Two dark pion species can be made heavy and with ap-
10
propriate quantum numbers for their constituent quarks,
a mixing with SM pions could be generated. Integrating
out the two heavy dark pions induces an Opi operator
at low energies. Alternatively, a dilaton type scalar can
be coupled to the dark sector pions. The dilaton-Higgs
mixing would result in multiple operators coupling the
dark sector to the SM, the size of the coupling would be
determined by the size of the Higgs Yukawa couplings,
favoring a top-philic model.
Those are only two possible implementations, and
more scenarios are conceivable, for example num-
ber changing processes based on spin-2 field interac-
tions [138].
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